One of the consequences of the heat shock response is a shutdown of pre-mRNA splicing, a phenomenon that can be reproduced in extracts prepared from heat-shocked cells. The block in splicing occurs before the covalent modifications that generate spliced mRNA at the level of spliceosome formation. We have used extracts prepared from heat-shocked cells as a complementation system to characterize and partially purify a protein factor that is inactivated during the in vivo heat shock. The activity functions in the formation of the active spliceosome by assembling U4/U6 and U5 snRNPs into a triple snRNP particle. The factor appears to be different from previously isolated splicing factors and is functionally equivalent to several polypeptides that are specifically associated with the purified triple snRNP but not with individual U4/U6 or U5 snRNPs. Our data confirm the hypothesis that U4/U6 and U5 snRNPs enter the spliceosome as a triple snRNP complex and show for the first time a function of specific snRNP-associated polypeptides in the mammalian splicing pathway.
is cleaved at the 3' splice site and the exons are ligated, thus generating the spliced mRNA, as well as the free intron lariat.
The failure of extracts prepared from heat-shocked cells to splice a pre-mRNA substrate can be attributed to a defect in the assembly of the active spliceosome (Bond 1988; Shukla et al. 1990 ). Depending on the severity of the heat shock, B-complex formation is reduced as well. These effects appear to correlate with a deficiency in the triple snRNP containing U4, U5, and U6 RNAs of the heat shock extract. In addition, Bond (1988) showed that a heat shock at 44°C interfered with the integrity of U2 snRNP and resulted in structural changes in the nonspecific and the presplicing complexes formed in this extract. Shukla et al. (1990) recently demonstrated that the splicing defect after heat shock is caused by the inactivation of a protein factor that was detected in a precipitate obtained after dialysis of splicing-competent extracts against 12.5 mM MgCl^ (Mg pellet) and was partially purified by column chromatography.
We have investigated whether the complementing activity corresponds to one of the HeLa cell splicing proteins that we have isolated previously . We were particularly interested in the question of whether the complementing activity was represented by SF2, which appears to be required for B-complex formation (U. Utans and A. Kramer, unpubl.) , or by SF4, which is dispensable for the formation of complex B and functions in the assembly of the active splicing complex C and subsequent cleavage and ligation reactions (Utans and Kramer 1990) . Splicing factors SFl, SF3, and U2AF, which are essential for the assembly of presplicing complex A (Kramer 1988; Ruskin et al. 1988; Kramer and Utans 1991) , are less likely candidates for the complementing activity, as A-complex formation is apparently not perturbed in extracts prepared from cells heatshocked at 43°C (Shukla et al. 1990 ).
Our results suggest that the complementing activity is distinct from previously characterized mammalian splicing factors. The activity functions in the assembly of the [U4/U6.U5] triple snRNP and thus promotes spliceosome formation. Experiments performed with purified snRNPs indicate that the complementing activity is functionally equivalent to one or more of the polypeptides that are specifically associated with the triple snRNP and function in the formation of this particle (Behrens and Liihrmann 1991) .
Results
The activity that is inactivated during heat shock is distinct from previously isolated splicing components
In an initial experiment we complemented an extract prepared from heat-shocked cells with fractions enriched in different splicing factors or snRNPs. In our standard fractionation protocol ) HeLa splicing extracts are subjected to chromatography on DEAE-Sepharose where SFl activity is recovered in the flowthrough fractions (DSlOO) . Bound components are fractionated further on heparin-Sepharose. SF2 activity is found in the flowthrough (HSIOO), snRNPs are recovered together with SF3 and SF4 activities in the 0.5 M KCl step fraction (HS500), and U2AF activity is eluted at 1 M KCl (HSIOOO) (Zamore and Green 1989; Kramer and Utans 1991) . Chromatography of the HS500 fraction on Mono Q separates SF3 and SF4 activities and individual snRNPs. SF4 activity is purified further by chromatography on Blue-Sepharose (see Materials and methods).
[Note that the designation for the splicing factors used in this report differs from that of Krainer and Maniatis (1985) . In particular, our SF2 is distinct from SF2 purified by Krainer et al. (1990) .] As shown in Figure 1 , the heat shock extract by itself is inactive in splicing the pre-mRNA substrate; splicing activity can be restored to levels observed with regular splicing extract by the addition of the solubilized Mg pellet (see Shukla et al. 1990 shock extract, suggesting that the complementing activity is different from these factors. Efficient splicing of the substrate RNA is only observed with fractions that contain snRNPs. Both the HS500 fraction and a mixture of Mono Q fractions enriched in Ul and U5 or in U2 snRNPs restore splicing activity in the heat shock extract. This result suggested that the complementing activity was either associated with snRNPs or was represented by a new protein factor that was not detected in previous Cold Spring Harbor Laboratory Press on September 28, 2019 -Published by genesdev.cshlp.org Downloaded from assays reconstituted with partially purified splicing activities . To distinguish between these possibilities, we tested consecutive Mono Q fractions for rescue of splicing in the heat shock extract. The complementing activity elutes from the Mono Q column in a broad peak between 0.36 and 0.5 M KCl ( Fig. 2A) , as evidenced by the appearance of splicing intermediates and products. Although SF4 activity is present in some of these fractions (as indicated in Fig. 2A ), the peaks of activity clearly do not coincide. In addition, further purification of SF4 on Blue-Sepharose results in its separation from the complementing activity (see Fig. 1 ). Ul and U5 snRNPs, as well as one population of U4/U6 snRNP, are present in the active Mono Q fractions ( Fig. 2B ). However, there is no obvious correlation between the efficiency of splicing in particular fractions and the concentration of any of these particles. Thus, we conclude that the complementing activity (which will be referred to as HSLF for heat shock-labile splicing factor) is distinct from the splicing activities that we have characterized to date.
In an attempt to separate HSLF activity from snRNPs, the most active Mono Q fractions were subjected to Blue-Sepharose chromatography. This chromatographic step results in the removal of most of the contaminating proteins from snRNPs (Kramer 1990) . As shown in Figure 3A , the BS250 and BS500 fractions contain HSLF activity as tested by complementation of the heat shock extract, whereas the bulk of UI and U5 snRNPs elute in the BSIOOO fraction ( Fig. 3B ). Thus, HSLF is not tightly associated with any of the spliccosomal snRNPs. This is consistent with previous results by Shukla et al. (1990) , who isolated the complementing factor from the Mg pellet and, after chromatography on Mono Q, obtained a snRNP-free fraction that restored splicing activity in the heat shock extract. The idea that HSLF activity resides in a protein is supported by the observation that it is resistant to digestion by micrococcal nuclease (MNase) (Bond 1988; Shukla et al. 1990; U. Utans and A. Kramer, unpubl.) ; in addition, it is partially sensitive to treatment with iV-ethylmaleimide and is inactivated after a 10-min incubation at 50°C or higher (U. Utans and A. Kramer, unpubl.) .
HSLF functions in triple snRNP formation and spliceosome assembly
It has been shown previously that exposure of cells to heat shock interferes with the splicing reaction at the level of spliceosome formation (Bond 1988; Shukla et al. 1990 ). This effect is most likely linked to the apparent absence of the [U4/U6.U5] triple snRNP from heat shock extracts. Because HSLF activity restored splicing in these extracts, we asked whether it functions in the formation of the triple snRNP and consequently in the assembly of splicing complex B. For the analysis of snRNP assemblies, heat shock extract was incubated under splicing conditions without pre-mRNA in the absence or presence of HSLF. The reactions were sedimented through glycerol density gradients, and the snRNA content of individual gradient fractions was determined by Northern blotting with probes complementary to U4, U5, and U6 RNAs (Fig. 4) . In a splicing-competent control extract U4, U5, and U6 RNAs cosediment with a peak in fractions 22-24, indicating the position of the [U4/U6.U5] triple snRNP. A sedimentation constant of this complex of >20S is in good agreement with a size of 25S determined previously (Konarska and Sharp 1987; Black and Pinto 1989; Bordonne et al. 1990 ). Furthermore, 20S U5 snRNP, U4/U6 snRNP, and free U6 RNP are separated in the gradient. In contrast, only trace amounts of U4, U5, and U6 RNAs that sediment with >20S can be detected in gradient fractions obtained from the heat shock extract. Most of the U4 and U6 RNAs are present in particles sedimenting between 10 and 20S, and U5 sediments at ~20S. When the heat shock extract is incubated in the presence of the solubilized Mg pellet or the BS500 fraction before sedimentation, formation of the triple snRNP is restored. (Both fractions were treated with MNase before incubation to abolish possible effects of small amounts of residual snRNPs.) Somewhat lower levels of free U6 RNP are seen upon reconstitution with the Mg pellet but not with the BS500 fraction, which could be caused by a nuclease present in the Mg pellet (see below). Taken together, these results show that exposure of cells to heat shock disrupts the [U4/U6.U5] triple snRNP or interferes with the de novo formation of this complex under splicing conditions. The integrity of the individual U4/U6 and U5 snRNPs does not appear to be affected, which is evident from the sedimentation of these particles at ~12-15S and 20S, respectively. The fact that U4, U5, and U6 RNAs are detected in the 25S region of the gradient when HSLF-containing fractions are combined with the heat shock extract clearly establishes a role for this factor in the formation of the triple snRNP particle.
We then examined the effect of HSLF activity on splicing complex assembly ( Fig. 5 ). In the heat shock extract the pre-mRNA substrate is assembled into presplicing complex A within 5 min of incubation under splicing conditions. Complex B is detected after 30 min, and splicing complex C is not formed at all during the 60min incubation period. Also, incubation for up to 2 hr did not result in the appearance of complex C, although complex B accumulated to slightly higher concentrations (not shown). Addition of the solubilized Mg pellet has a marked effect on splicing complex formation: Complex B is now detected after 15 min of incubation, and the active splicing complex C begins to form after -30 min. Reactions performed in the presence of the HSLF-containing BS500 fraction gave essentially the same results (not shown). The kinetics of appearance of the splicing complexes are in good agreement with results obtained with splicing-competent HeLa extracts (Frendewey et al. 1987) . Moreover, the electrophoretic mobilities of the complexes formed in the heat shock extract were identical to those observed in splicing extracts (not shown). Complex H, which is thought to reflect the interaction of general RNA-binding proteins with the RNA substrate, is almost undetectable in reac-Heat shock-labile factoi and triple snRNP proteins [B] RNA from 20 |xl of the input or of the Blue-Sepharose fractions was isolated, separated in a denaturing 10% poly aery 1amide gel, and stained with ethidium bromide.
tions complemented with the solubihzcd Mg pellet. This is probably the result of the presence of a nuclease within this fraction and is not observed when the BS500 fraction is used (not shown). However, RNA assembled into the specific complexes (A, B, and C) appears to be protected from degradation. The reduction in complex A at late stages of spliceosome assembly is presumably not caused by nuclease action but, more likely, results from the conversion of this complex into complexes B and C, consistent with the idea that complex A represents an intermediate in spliceosome formation (Frendewey and Keller 1985; Konarska and Sharp 1986) . Notably, this complex accumulates in reactions performed with heat shock extracts where the assembly of splicing complex B is severely reduced.
The results of splicing complex assembly in the absence or presence of HSLF correlate well with those of triple snRNP formation. In the noncomplemented heat shock extract, extremely low concentrations of U4, U5, and U6 RNAs are found to sediment with >20S. This concentration of [U4/U6.U5] triple snRNP appears to be sufficient to allow for the formation of a small amount of complex B, which is, however, not converted into the active spliceosome C. Under conditions that promote triple snRNP formation, that is, in the presence of HSLF, the kinetics of B-complex formation are accelerated and splicing complex C is assembled efficiently.
Comparison of several extracts prepared from heatshocked cells revealed that the inactivation of HSLF occurs in a very narrow temperature range between 43°C and 43.5°C (not shown). Slight variations from the optimal temperature probably leave low concentrations of HSLF intact, which are sufficient either to protect some triple snRNP complexes from disruption or to allow de novo formation of the triple snRNP under splicing conditions in vitro. Heat shock of cells at slightly higher temperatures (44°C) resulted in more dramatic effects; splicing activity could not be restored in the presence of HSLF, suggesting that additional splicing components are inactivated. These observations are in agreement with other data showing that the integrity of U1 and U2 snRNPs, as well as the structures of both the nonspecific H-complex and the presplicing complex, are changed after heat shock treatment at 44°C (Bond 1988) . Also, splicing in extracts prepared from cells heat-shocked at 46°C cannot be restored by the addition of the complementing activity (Shukla et al. 1990 ). Consistent with the efficient assembly of presplicing complexes in heat shock extracts prepared from cells treated at 43.5°C, structural changes in Ul or U2 snRNPs were not apparent (Shukla et al. 1990; U. Utans and A. Kramer, unpubl.) .
The IU4/U6.U5I triple snRNP-specific polypeptides restore splicing activity in heat shock extracts Mammalian spliccosomal snRNPs contain a number of proteins that are common to all particles. Furthermore, several polypeptides have been identified that are specifically associated with Ul, U2, or U5 snRNPs (for review, see Liihrmann et al. 1990 ). The protein composition of U4/U6 snRNP is less well established. Although proteins have been described that are found associated with U6 RNA (Gronig et al. 1991) or in the U4/U6 snRNP particle (Okano and Medsger 1991) , these proteins are not present in U4/U6 snRNP that has been purified by anti-m^G affinity and Mono Q chromatography (Bach et al. 1989) . Five proteins (of 90, 60, 27, 20, and 15.5 kD) were, however, detected in the 25S [U4/U6.U5) triple snRNP in addition to the common and the U5 snRNPspecific polypeptides (Behrens and Liihrmann 1991) . Most important, these proteins function in the assembly of the (U4/U6.U5] complex from purified individual U4/ U6 and U5 snRNPs.
That HSLF promotes the formation of the triple snRNP complex in the heat shock extract raised the question whether this activity is equivalent to the [U4/ U6.U5]-specific proteins. To investigate this possibility, the heat shock extract was complemented with isolated 12S U4/U6 and 20S U5 snRNPs (Bach et al. 1989) , the purified 25S [U4/U6.U5] snRNP complex (Behrens and Liihrmann 1991) , or the solubilized triple snRNP-specific proteins that were obtained by MNase digestion of the isolated triple snRNP fraction. The 12S U4/U6, the 20S U5, or a combination of both snRNPs does not restore splicing activity in the heat shock extract (Fig. 6) . Splicing of the pre-mRNA substrate is only detected Cold Spring Harbor Laboratory Press on September 28, 2019 -Published by genesdev.cshlp.org Downloaded from Figure 4 . Glycerol density gradient sedimentation of snRNP complexes. Splicing reactions containing splicing-competent nuclear extract, heat shock extract, or heat shock extract complemented with MNase-treated Mg pellet or MNase-treated BS500 were scaled up to 300 p-l and incubated for 2 hr in the absence of added pre-mRNA substrate. SnRNPs were separated in glycerol gradients as detailed in Materials and methods. In a parallel gradient, 20S U5 snRNP was sedimented as a size marker. RNA was extracted from the input reaction or from every second gradient fraction and analyzed by Northern blotting with radiolabeled antisense U4, U5, and U6 snRNA transcripts as probes. The positions of marker proteins sedimented under identical conditions are indicated at top. when the 25S [U4/U6.U5] snRNP, either intact or after MNase digestion, is included in the reaction. The effect seen with the triple snRNP-specific proteins is similar to that observed with the Blue-Sepharose-purified HSLF fraction. The fact that splicing in the presence of the triple snRNP or the associated proteins is rather inefficient can be explained by the low concentration of these components in the fraction used or by a partial inactivation during the purification procedure.
In conclusion, our results confirm and extend previous data that an in vivo heat shock impairs splicing by interference with triple snRNP assembly and clearly demonstrate that the integrity of this particle is an essential prerequisite for the splicing reaction. The mere presence of U4/U6 and U5 snRNPs does not suffice either for triple snRNP formation (Behrens and Liihrmann 1991) or for the rescue of splicing in the heat shock extract. The fact that cither the solubilized triple snRNP proteins or partially purified HSLF allow splicing to proceed suggests that HSLF represents one or more of the proteins that are found only in association with the [U4/U6.U5] snRNP complex. 
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Discussion
We have used extracts prepared from heat-shocked HeLa cells as a complementation system to characterize an activity that restores splicing activity in these extracts.
This assay system has been used to partially purify the complementing factor (HSLF) and to investigate, in more detail, the cause of the inhibition in splicing after heat shock.
In an attempt to correlate the complementing activity, which was first identified by Shukla et al. (1990) with several splicing factors, we found that none of the protein factors that function in presplicing complex formation (SFl, SF3, or U2AF), B-complex formation (SF2), or assembly of the active spliceosome C (SF4) (Kramer 1988; Ruskin et al. 1988; Zamore and Green 1989; Utans and Kramer 1990; Kramer and Utans 1991; U. Utans and A. Kramer, unpubl.) could restore splicing in the heat shock extract. Instead, the complementing activity was detected in Mono Q fractions containing the spliceosomal snRNPs; subsequent chromatography on Blue-Sepharose separated the activity from these particles. Thus, snRNP/ as well as for the efficient assembly of splicing complex B and its subsequent conversion into the active spliceosome. Thus, HSLF appears to function by promoting the formation of the triple snRNP such that splicing complex formation can proceed. This conclusion is supported by the fact that the addition of the purified [U4/ U6.U5] complex likewise activates splicing in the heat shock extract. Moreover, we have shown that not only the intact triple snRNP, but also its associated polypeptides, are essential for splicing in the heat shock extract. The requirement for these proteins to overcome the splicing defect correlates in all aspects with the function of the polypeptides in triple snRNP assembly (Behrens and Liihrmann 1991) . First, combining 12S U4/U6 and 20S U5 snRNPs does not lead to the formation of the triple snRNP, and their addition to the heat shock extract is insufficient to restore splicing activity. This result was not unexpected as apparently intact U4/U6 and U5 snRNPs are present in sufficient quantities in the heat shock extract. Second, incubation of the individual H Figure 5 . Effect of HSLF on splicing complex formation in heat shock extracts. Heat shock extract was incubated in the absence or in the presence of the Mg pellet for the indicated times under standard splicing conditions. Reaction products were separated in a nondenaturing 3.75% polyacrylamide gel. The positions of splicing complexes A, B, and C are indicated at right. HSLF is distinct from the factors mentioned above and is not tightly associated with the spliceosomal snRNPs.
HS extract + BS500 (MN-treated)
The requirement of HSLF subsequent to presplicing complex formation (sec below) also suggests that the activity is different from several other splicing factors shown to function at the onset of spliceosome assembly (Fu and Maniatis 1990; Ge and Manley 1990; Krainer et al. 1990; Ast et al. 1991; Delannoy and Caruthers 1991) . Furthermore, HSLF activity appears to be different from a heat-labile activity that functions in the second cleavage-ligation reaction (Krainer and Maniatis 1985) , because heat-treated nuclear extracts can complement extracts prepared from heat-shocked cells (Bond 1988; Shukla et al. 1990) .
Previous in vitro studies have demonstrated that heat shock interferes with splicing at the level of spliceosome formation, which correlates with the deficiency of heat shock extracts in a triple snRNP complex containing U4, U5, and U6 RNAs (Bond 1988; Shukla et al. 1990 ). In our heat shock extracts, presplicing complexes accumulate and functional analysis of HSLF activity revealed that the factor is essential for the formation of the triple Cold Spring Harbor Laboratory Press on September 28, 2019 -Published by genesdev.cshlp.org Downloaded from snRNPs with polypeptides isolated from the purified [U4/U6.U5] complex results in the assembly of the triple snRNP. Similarly, these proteins are necessary and sufficient to counteract the inhibition of splicing, conceivably by interacting with endogenous U4/U6 and U5 snRNPs.
To our knowledge, this is the first time that a function for specific snRNP proteins in the mammalian splicing system has been demonstrated. It remains to be shown whether all or only a subset of the triple snRNP-specific proteins are required for the assembly of the particle and whether they might play a more direct role in the splicing process. Another example of a specific snRNP protein for which a function has been documented is the Ul snRNP C protein that potentiates the base-pairing interaction between Ul RNA and the 5' splice site (Heinrichs et al. 1990 ). Because these experiments were performed with purified Ul snRNP in the absence of other splicing components, it is not clear whether the C protein also facilitates Ul snRNP binding during the splicing reaction.
Our results emphasize the role of the triple snRNP during spliceosome assembly by directly demonstrating that the preasscmbled [U4/U6.U5] complex, but not individual U4/U6 and U5 snRNPs, participate in the splicing reaction. Konarska and Sharp (1987) , as well as Cheng and Abclson (1987) , detected the triple snRNP in mammalian or yeast splicing extracts and postulated that this snRNP assembly interacts with the prcsplicing complex. In support of this hypothesis, the biochemical depletion of U4/U6 or U5 snRNPs from HcLa extracts prevents the stable association of U5 or U4/U6 snRNP, respectively, with the pre-mRNA and thus results in the inhibition of splicing complex formation (Barabino ct al. 1990; Lamm et al. 1991) . Similarly, the genetic depletion of U5 snRNP from yeast cells impairs the binding of U4/U6 snRNP to the prc-mRNA substrate (Scraphin ct al. 1991) . Finally, the yeast U5 snRNP-specific protein PRP8, which is also detected in the [U4/U6.U5] complex of yeast and becomes incorporated into the spliceosome (Lossky et al. 1987; Whittaker et al. 1990) , is required for the formation of the active splicing complex; in its absence, complexes accumulate that only contain Ul and U2 snRNAs (J.D. Brown and J.D. Beggs, pers. comm.).
As both HSLF and the triple snRNP-specific polypeptides are able to rescue splicing in heat shock extracts it appears that HSLF activity is equivalent to one or more of these proteins. Although HSLF may play an indirect role, for example, by recruiting the triple snRNP-specific polypeptides for assembly of the [U4/U6.U5] complex, we favor the hypothesis that HSLF is an integral component of the triple snRNP. HSLF activity coelutes from a Mono Q column with the majority of Ul and U5 snRNPs and at least one population of U4/U6 snRNP. Analysis of snRNP assemblies in these fractions revealed that part of U4/U6 and U5 snRNPs are present as a triple snRNP. In contrast, U4 and U6 RNAs that coelute from Mono Q with U2 snRNP at higher salt concentrations sediment in glycerol gradients with ~12S (U. Utans and A. Kramer, unpubl.) , and no complementing activity can be detected in these fractions. Although the presence of the triple snRNP in some of the early-eluting Mono Q fractions may be responsible, in part, for rescue of splicing, triple snRNP and complementing activity do not correlate strictly (U. Utans and A. Kramer, unpubl.) . In addition, Blue-Sepharose chromatography efficiently separates HSLF activity and snRNPs. The most likely interpretation of these results is that HSLF is a component of the triple snRNP; however, owing to chromatographic manipulations (e.g., the high salt concentrations used for elution) it is removed from the triple snRNP leading to the dissociation of the particle. In support of this idea, purification of snRNPs by anti-m3G affinity chromatography at 0.42 M NaCl yields mainly individual U4/U6 and U5 snRNPs, and only extremely low concentrations of the triple snRNP can be detected (Behrens and Liihrmann 1991) . In addition, immunoprecipitation experiments with yeast snRNP-associated proteins indicate that the triple snRNP is destabilized at monovalent salt concentrations between 0.2 and 0.5 M (Banroques and Abelson 1989; Abovich et al. 1990) . A direct correlation of polypeptides present in HSLF-containing fractions with the triple snRNP-spccific polypeptides (Fig. 5; Behrens and Liihrmann 1991) has been hampered thus far by the presence of numerous polypeptides in these fractions (for an example of the BS500 fraction, see Fig. 3 in Kramer 1990 ) and has to await further purification steps.
A rather weak interaction of HSLF and/or the triple snRNP-spccific polypeptides with the [U4/U6.U5] complex correlates with the notion that the spliceosome represents a dynamic structure allowing for conformational changes during spliceosome maturation, such as the destabilization of the U4/U6 base-pairing interaction that takes place during the activation of the splicing complex (Pikielny et al. 1986; Cheng and Abelson 1987; Konarska and Sharp 1987; Lamond et al. 1988; Blencowe et al. 1989 ). It will be interesting to see whether all of the triple snRNP-specific polypeptides are incorporated into the spliceosome and, if so, whether they stay associated with the complex during the entire splicing reaction. Furthermore, it remains to be determined whether a (perhaps modified) form of the triple snRNP persists after the destabilization of the U4/U6 interaction or whether the particle dissociates into its individual components within the active spliceosome.
How can we reconcile our data with the events that occur during the heat shock response in vivo? As shown by Yost and Lindquist (1988) , splicing is inhibited in Drosophila cells before 5' cleavage and lariat formation, consistent with the in vitro results presented here and by others (Bond 1988; Shukla et al. 1990) . Our data suggest that the disruption of the triple snRNP is the first consequence of heat shock in the splicing reaction, whereas at higher temperatures other splicing components are also inactivated. Triple snRNP formation appears to be a conserved feature in being a prerequisite for spliceosome formation in both yeast and mammalian splicing systems (Cheng and Abelson 1987; Konarska and Sharp 1987) . Hence, an inhibition at this step of the splicing reaction probably ensures that none of the intron-con-taining pre-mRNAs undergo splicing complex formation, whereas the intronless hsp transcripts remain unaffected.
When a mild heat shock is administered to cells before a more severe heat shock, a disruption of splicing is not observed in vivo or in vitro (Yost and Lindquist 1986, 1991 and references therein; Bond 1988) . As discussed by these investigators, it is highly likely that hsps, which are induced during mild heat shock, function in the protection of the splicing apparatus. The proposed role for hsps in the folding-unfolding or disaggregation of protein complexes (Pelham 1990 ) makes these proteins good candidates for interacting with the triple snRNP complex or its protein components, thus preventing the disassembly of the particle. The availability of an in vitro system that reproduces the in vivo situation should facilitate further analysis of the heat shock response.
Materials and methods
Preparation of heat shock extracts
HeLa cells (5 x 10^) were incubated in 500 ml of medium (Hernandez and Keller 1983) at 43.5°C for 2 hr, and extracts were prepared as described by Shukla et al. (1990) . from the adenovirus 2 major late transcription unit and contains the 5' and 3' splice sites of the first intron (RNAl; Frendewey and Keller 1985) .
Antisense probes for Northern blot hybridization were generated as follows: DNA pSP65/U4b or pSP65/U5b (a gift from D. Black and J. Steitz) was linearized with Hindlll or Xbal, respectively, and transcribed with SP6 RNA polymerase. Gemini plasmid DNA containing U6 gene sequences (Hamm et al. 1989 ; a gift from A. Lamond) was cleaved with Pstl and transcribed with T7 RNA polymerase for 30 min at 37°C. Reactions were carried out in the absence of cap analog and unlabeled UTP; instead, 0.5 mM GTP and 40 fjiCi [a-'^^PjUTP (800 Ci/mmole; Amersham) were added. After phenol-chloroform extraction and ethanol precipitation, the transcripts were used directly for hybridization.
In vitro sphcing reactions
Splicing reactions (10 [JLI final volume) contained 3 \x.l of heat shock extract and 2 |xl of the components indicated in the figure legends. Reaction conditions were as described (Utans and Kramer 1990) . For the analysis of splicing complexes, reactions were terminated by the addition of heparin to a final concentration of 200 |xg/ml. The reactions were loaded onto 3.75% polyacrylamide gels (acrylamide/bisacrylamide 80 : 1) in 25 mM Tris, 25 mM boric acid, and 1 mM EDTA. Electrophoresis was for 5 hr at 4 W.
Fractionation of sphcing activities
The Mg pellet was prepared from HeLa splicing extracts according to Shukla et al. (1990) . Chromatography of splicing-competent HeLa cell nuclear extracts was as described previously (Kramer ct al. 1987; Kramer and Keller 1990; Kramer and Utans 1991) . SF4 activity was purified further from Mono Q fractions by chromatography on Blue-Sepharose (Pharmacia). The sample was applied in a buffer containing 10% glycerol, 20 mM HEPES-KOH (pH 7.9), 0.1 M KCl, 3 mM MgCli, 0.1 mM EDTA, and 0.5 mM dithiothreitol (DTT). The column was washed with the same buffer, and bound proteins were eluted with a linear gradient of 0.1-1.5 M KCl in the same buffer. SF4 activity eluted between 0.5 and 0.9 MKCI.
Mono Q fractions enriched in Ul and U5 snRNPs and in HSLF activity were further fractionated on Blue-Sepharose as described (Kramer 1990) . Bound components were eluted with 0.25, 0.5, and 1.0 M KCl.
Isolation of snRNP particles
U4/U6 snRNP (12S), U5 snRNP (20S), and 25S 1U4/U6.U51 triple snRNP were purified as described by Behrens and Liihrmann (1991) and dialyzed against a buffer containing 20% glycerol, 20 mM HEPES-KOH (pH 7.9), 3 mM MgCl^, 0.1 mM EDTA, and 0.5 mM DTT. The protein concentrations of the samples were as follows: 12S U4/U6 snRNP, 90 (Jig/ml; 20S U5 snRNP, 150 ng/ ml; triple snRNP, 70 |xg/ml.
The triple snRNP was digested with 1000 U/ml of MNase (Pharmacia) for 15 min at 30°C in the presence of 1 mM CaClj. The reaction was stopped by the addition of 2 mM EGTA.
In vitro transcription of splicing substrates and antisense probes
Pre-mRNA was prepared by in vitro transcription with SP6 RNA polymerase (Kramer 1988) . The resulting RNA is derived
Sedimentation of snRNPs in glycerol gradients
Splicing reactions (in the absence of exogenous pre-mRNA) were scaled up to a total volume of 300 ^.1 and incubated for 2 hr at 30°C. The samples were layered onto 13-ml 15-40% (vol/ vol) glycerol gradients in 20 mM HEPES-KOH (pH 7.9), 0.1 M KCl, 3 mM MgCl2, and 0.1 mM EDTA. After sedimentation at 39,000 rpm for 20 hr in a TST41.14 rotor (Kontron) at 4°C, fractions of 400 p.1 were harvested from top to bottom. Marker proteins (thyroglobulin, 19.3S; catalase, 11.3S; yeast alcohol dehydrogenase, 7.6S; bovine serum albumin, 4.5S) were sedimented in parallel gradients. Their positions were localized by measurement of the absorbance at 280 nm.
Northern blot analysis of snRNAs
Three microliters of the glycerol gradient input or 100 jil of individual gradient fractions was digested with proteinase K; the RNAs were ethanol-precipitated and separated in a 10% polyacrylamide/8.3 M urea gel. The gel was soaked twice for 30 min in 1 M Tris/50 mM EDTA/0.5 M sodium acetate (pH 7.8), and the RNA was transferred onto a GeneScreen membrane (Schleicher & Schiill) with a semidry blotting apparatus in the above buffer for 1 hr at 150 mA. The membrane was UV-irradiated with 2000 jjiW/cm^ for 75 sec and baked for 30 min at 80°C. After prehybridization for 2-3 hr in hybridization buffer [50% formamide, 5x SSC, 5x Denhardt's solution, 1% SDS, 25% (wt/vol) dextrane sulfate, 50 mM NaP04 (pH 6.5), 0.1 mg/ ml of herring sperm DNA] antisense U4, U5, and U6 transcripts (2 X 10^ Cerenkov cpm each) were added and hybridized to the filters for 12-16 hr at 42°C. Filters were washed twice for 30 min in Ix SSC/0.1% SDS, twice for 30 min in 0.5x SSC/0.1% SDS, and exposed to X-ray film.
